The periods of circadian clocks are relatively temperature-insensitive. Indeed, the perL mutation in the Drosophila melanogaster period gene, a central component of the clock, affects temperature compensation as well as period length. Theper protein (PER) contains a dimerization domain (PAS) within which the per' mutation is located. Amino acid substitutions at the perL position rendered PER dimerization temperature-sensitive. In addition, another region of PER interacted with PAS, and the perL mutation enhanced this putative intramolecular interaction, which may compete with PAS-PAS intermolecular interactions. Therefore, temperature compensation of circadian period in Drosophila may be due in part to temperature-independent PER activity, which is based on competition between inter-and intramolecular interactions with similar temperature coefficients. 
clock components or their interconnection.
The per mRNA and protein levels undergo robust circadian oscillations (8) (9) (10) , and there is a feedback loop in which PER affects the circadian transcription of its own gene (8, 11) . PER contains a PAS domain, a protein dimerization motif present in several basic helix-loop-helix transcription factors (12, 13) . The perL mutation is a valine to aspartic acid missense mutation (14) in the PAS domain, which affects PAS-mediated PER-PER homodimerization in vitro (12) as well as period length and temperature compensation in vivo (4, 6) .
To perform a structure-function analysis of the PER PAS domain, we reconstituted PER dimerization in a yeast two-hybrid system ( Fig. 1) (15) . Consistent with our previous in vitro results, the large PAS-containing fragment (PER 233-685) dimerized well in this assay ( Fig. 2A) . Reporter gene activation was dependent on PER interaction, because PER 233-685/LexA with the prey vector alone did not produce any detectable P-galactosidase. The pers mutation, a serine to asparagine substitution at position 589 that shortens the circadian period from 24 to 19 hours (3, 14, 16) , dimerized as well ( Fig. 2A) . Surprisingly, the perL mutation also showed dimerization nearly indistinguishable from that of the wild-type ( Fig. 2A) , in contrast to our previous in vitro results that indicated a significant decrease in dimerization (12) . Because the perL mutation not only lengthens circadian period but also compromises temperature compensation (4, 6) , we repeated the yeast assay at higher temperatures. PERL dimerization was essentially undetectable at 370C
( Fig. 2A) , which indicates that some aspect of the interaction is temperature-sensitive.
To substantiate this correlation between circadian behavior in flies and dimerization in yeast, we made another nonconservative change at amino acid 243 (valine to arginine) (PERLR) and introduced this mutant per gene into flies by P element-mediated transformation (17). The two independent homozygote mutant lines showed lengthened and temperature-sensitive circadian periods that were very similar to those of the original pe+ mutant (Table 1) intermolecular assay. The PERL mutation led to a fourfold increase in the association of PER 233-390 with PER 524-685/H (Fig.  4A, lanes 8 and 9) . In addition, the interactions between the C-domain and the wild-type, the perL, and the perLR versions of PER 233-390 all increased at 250C (Fig.  4A , compare lanes 8 and 11, lanes 9 and 12, and lanes 10 and 13). In the cases of wildtype and perL, the increases were fourfold (3.8 ± 0.4) and sixfold (5.7 ± 1.0), respectively (numbers are averaged from three experiments). Therefore, the perL mutation also increased the temperature coefficient of the interaction. In contrast, the perS mutation in PER 524-685/H had no effectthat is, it was indistinguishable from the wild-type fragment (18) . The increase in the PAS-C-domain interaction by the perL mutation indicates a direct association be- tween the two fragments.
To determine whether the perL mutation also decreases intermolecular interactions in the absence of the C-domain, we performed chemical crosslinking and immunoprecipitation experiments with the short PER 233-390/H fragment (Fig. 4B) . As expected, wild-type PER 233-390/H underwent selfassociation. This interaction increased about threefold at higher temperatures (250C as compared to 16'C). In contrast to its strong negative effect on dimerization of the large PER 233-685 fragment (12) , the perL mutation had little effect on PER 233-390/H self-association at either temperature. A larger PER fragment (PER 233-485) containing the complete PAS domain interacted even more efficiently in this assay and resulted predominantly in higher molecular weight oligomers, but the perL mutation also had no effect on these interactions (18) . Taken together with the effect of PERL on the PAS-C-domain interaction, these data suggest that the perL mutation may decrease PER 233-685 dimerization by increasing the strength of an inhibitory intramolecular interaction between the PER 233-390 and the PER 524-685 regions.
Our study reveals that per L point mutations render temperature-sensitive the homotypic interactions of a large PAS-containing fragment. In addition, our results show that a subregion of the PER PAS domain can associate with another region of PER (the C-domain) both in vitro and in yeast. This interaction is stronger at higher temperatures. The perL mutations increase the PAS-C-domain interaction and its temperature coefficient, with little or no effect on selfassociation of fragments that contain only PAS. We consider it unlikely that the PAS-C-domain interaction reflects only an inter-molecular interaction that contributes positively to PER 233-685 dimerization. This is because PERL increases the PAS-C-domain interaction, which would then increase rather than decrease PER 233-685 dimerization. An important role for the C-domain is also indicated by its high degree of phylogenetic conservation (21) .
We propose that the PER PAS domain not only engages in intermolecular interactions but also undergoes an intramolecular interaction with the C-domain (Fig. SA) Another 10 p.1 of extraction buffer was then used to rinse the tip of the homogenizer, then was collected and combined with the extract. Because no internal control was included in the assay, care was taken not to lose any protein from the starting material. We added 10 pi of 4X SDS sample buffer, and the sample was boiled for 5 min and microfuged to pellet the undissolved debris. The supernatant was loaded on a 5.7% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel. Protein immunoblotting was done as described (24) . For quantitation of the chemiluminescence (ECL, Amrersham), the blot was exposed to a chemiluminescence screen (Bio-Rad) for 0.5 to 3 hours and quantified in a Bio-Rad phosphorimager. 32 
